The role of interleukin-12 (IL-12) has been clearly established in the resistance of C57BL/6 (B6) mice to Leishmania major infection, but its involvement in the control of Leishmania mexicana infection remains to be determined. Here, we show the following. The various clinical forms of human leishmaniases have been partially reproduced in different inbred strains of mice. For example, CBA, C3H, C57BL/6 (B6), and B10.D2 mice infected with Leishmania major develop cutaneous lesions that spontaneously resolve, whereas BALB/c, SWR/J, DBA/2, and A/J mice harbor nonhealing primary cutaneous lesions prone to dissemination (6). Such experimental models have allowed definition of some of the immunological factors involved in resistance and susceptibility to L. major infection (29).
The various clinical forms of human leishmaniases have been partially reproduced in different inbred strains of mice. For example, CBA, C3H, C57BL/6 (B6), and B10.D2 mice infected with Leishmania major develop cutaneous lesions that spontaneously resolve, whereas BALB/c, SWR/J, DBA/2, and A/J mice harbor nonhealing primary cutaneous lesions prone to dissemination (6) . Such experimental models have allowed definition of some of the immunological factors involved in resistance and susceptibility to L. major infection (29) .
Interleukin-12 (IL-12), a heterodimeric cytokine composed of p35 and p40 subunits, through its binding to IL-12 receptor (IL-12R) (23) and WSX-1 (40) , plays a key role in the induction and the long-term maintenance of the T-cell-dependent resistance of B6 mice to L. major infection (20, 27, 32, 34, 38) . Macrophages and dendritic cells produce high levels of IL-12 when infected in vitro with L. major amastigotes (37) . Gamma interferon (IFN-␥) produced by Th1 cells mediates protection by activating the NOS2 gene in macrophages and the subsequent production of the leishmanicidal NO. This cascade depends on CD40-CD40L interaction (8, 18) , as well as other factors (26) , and each element is essential to lesion resolution in resistant mice.
Although Leishmania mexicana induces cutaneous or diffuse lesions in American patients (3, 11, 35) , the immunological mechanisms determining susceptibility and resistance to this Leishmania species have been less studied. In vitro experiments suggest that neither macrophages nor dendritic cells produce IL-12 when infected with L. mexicana amastigotes (5, 39) , and susceptibility to L. mexicana seems to be due to a prostaglandin-dependent inability to produce IL-12 (28, 30) .
To extend our previous studies of this infection model (1, 2), we investigated the role of IL-12 in B6 mice infected with L. mexicana. The courses of L. mexicana and L. major infections were compared in wild-type (WT), IL-12p40-deficient, and B6 mice treated with IL-12p40-neutralizing antibodies. We also analyzed the density of cells producing IL-12p40, IFN-␥, and NOS2 and expressing CD40L in the footpad lesion and/or the draining lymph node (LN) of L. mexicana-infected WT animals, and the capacity of splenocytes of IL-12p40 Ϫ/Ϫ B6 mice infected with L. mexicana to secrete IFN-␥, IL-4, IL-10, and IL-18. The data indicate that IL-12 is not required to control the early phase of infection, but is critical for long-term stabilization of L. mexicana lesions, although insufficient to totally cure the disease, in contrast with L. major infection.
MATERIALS AND METHODS
Parasites. Promastigotes of L. mexicana (strain MHOM/BZ/82/BEL21) and L. major (strain WHOM/IR/Ϫ173) were cultured in RPMI medium (Life Technologies, Gaithersburg, Md.), supplemented with 10% fetal calf serum (FCS; Life Technologies), penicillin G (100 U/ml), and streptomycin (100 g/ml). Parasites in the stationary phase, harvested after 8 to 10 days of culture, were centrifuged (2,500 ϫ g, 10 min, 4°C) and then washed three times in RPMI before being counted and used for inoculation of animals. L. mexicana promastigotes lysed by 10 cycles of freezing in liquid nitrogen and thawing in a water bath at 37°C were also used for cell stimulation studies.
Mice and Leishmania infection. C57BL/6 male mice were purchased from Banting & Kingman Universal, Ltd. (Hull, United Kingdom). Male and female IL-12p40 Ϫ/Ϫ C57BL/6 mice were prepared as previously described (13) . In another experiment, each week, C57BL/6 mice received intraperitoneally (i.p.) anti-IL-12p40 monoclonal antibody (MAb; clone C17. 8 Lesion monitoring, tissue processing, and quantification of L. mexicana amastigotes. The thickness of infected and uninfected footpads was regularly measured with a Vernier calliper, and the difference between both measurements corresponded to lesion size. Mice were also regularly examined to detect cutaneous ulcers and secondary lesions.
At selected time points, some infected mice were killed by ether inhalation. Footpad lesions cut tangentially to the bone ground and popliteal homolateral draining LN were collected for histological and/or immunohistochemical studies.
The parasite burdens in footpad lesions of IL-12p40 Ϫ/Ϫ and WT C57BL/6 infected animals were determined after tissue homogenization by staining released amastigotes with acridine orange (Sigma, Brussels, Belgium), as described previously (2) .
Histological and immunohistochemical studies. Footpad tissues and LN were either snap-frozen in liquid nitrogen or fixed in 10% formalin, immediately after the sacrifice of animals. Tissue sections (5 m) of fixed material embedded in paraffin were stained with hematoxylin-eosin-safranin to study their microarchitecture by light microscopic examination.
All immunohistochemical procedures used for in situ analysis of IL-12p40, CD40L, IFN-␥, and NOS2 in frozen tissues have been described in detail elsewhere (9) . Briefly, 6-m frozen sections were thaw mounted on glass slides and kept overnight at room temperature in a box with humidified atmosphere. The next day, sections were air dried at room temperature and fixed for 10 min in fresh acetone containing 0.02% hydrogen peroxide to inhibit endogenous peroxidase activity. Air-dried sections were washed once with phosphate-buffered saline (PBS)-0.05% Tween 20 and incubated overnight at 4°C with the antibody (rat anti-IL-12p40 C15.6 labeled with biotin from Pharmingen; mouse anti-IFN-␥ DB-1-biotin from U-Cytech, Utrecht, The Netherlands; rabbit anti-NOS2-biotin from Calbiochem; hamster anti-CD40L MR-1 labeled with alkaline phosphatase (AP) from R. J. Noelle, Lebanon, N.H.) at the previously determined optimal dilution in PBS-0.1% bovine serum albumin. Sections incubated with the APlabeled antibody were washed with PBS and revealed with Fast Blue BB Base giving dark blue precipitates. Horseradish peroxidase-conjugated streptavidin was applied for 1 h at room temperature on sections previously incubated with biotin-labeled antibodies, and aminoethylcarbazole was used as a chromogen, giving a bright red translucent precipitate. Enzymatic reactions were stopped by washing in PBS and slides were mounted with glycerol-gelatine. Immunohistochemical stains were evaluated by light microscopy, and positive cells were counted in the whole-section area to determine their number per square millimeter by using the Image analysis Vidas system (Zeiss, Weesp, The Netherlands)
Cell stimulation and quantification of cytokines. Single-splenocyte suspensions of IL-12p40 Ϫ/Ϫ and WT mice were treated for 1 min with a lysis buffer (9 parts 0.16 M ammonium chloride and 1 part 0.17 M Tris-HCl [pH 7.5]). The erythrocyte-free cells were then washed twice in RPMI 1640 medium (containing 5% FCS), and their viability was checked by the trypan blue exclusion test (viable cells, Ͼ95%), before being resuspended and distributed in 24-well plates (Nunc, Roskilde, Denmark; 3 ϫ 10 6 cells per 800 l per well). Cell stimulations were performed with lysed L. mexicana promastigotes (10 6 parasites per well). After incubation at 37°C for 48 h in a 5% CO 2 -humidified atmosphere, supernatants of unstimulated or stimulated cells were collected by centrifugation at 280 ϫ g for 10 min and kept frozen at Ϫ70°C for subsequent determination of cytokine levels.
Cytokine quantification was performed by enzyme-linked immunosorbent assay (ELISA) in cell supernatants by using commercially available kits (IL-18, M1800; IFN-␥, IL-4, and IL-12, duo set; IL-10, Intertest 10x [all from Genzyme Diagnostics, Cambridge, Mass.]). The IL-12 assay detected monomeric and dimeric p40, as well as p70 subunits. All ELISAs were performed according to the manufacturer's instructions, with a detection limit of 5 pg/ml for each of them. (Table 1) .
RESULTS

L. mexicana, in contrast to
IL-12 is involved in the late control of L. mexicana infection in B6 mice.
The role of IL-12 produced in response to L. mexicana infection was investigated in two types of experiments, by using B6 mice either deficient in IL-12 production by targeted inactivation of IL-12p40 genes or treated with anti-IL-12p40 MAb (clone C17.8). Control mice were WT B6 mice or B6 mice receiving the isotype-matched control antibody IR418, respectively. C17.8 or IR418 antibodies were injected intraperitoneally (i.p.) (1 mg in 0.1 ml of PBS) 1 h before parasite inoculation and weekly for 10 weeks. All mice were inoculated with 10 7 L. mexicana promastigotes. In addition, as positive controls, IL-12p40 Ϫ/Ϫ or WT mice were similarly infected with L. major.
As shown in Fig. 2 and 3A, during the first 10 wpi with L. mexicana, the lesion sizes remained similar in both C17.8 antibody-treated and IL-12p40 Ϫ/Ϫ B6 mice and their respective IL-12-sufficient controls. Thereafter, IL-12p40-deficient mice exhibited a dramatic increase in lesion sizes, comparable to that previously observed in BALB/c mice inoculated with the same strain of parasite (1) . Moreover, all of the IL-12p40-deficient animals displayed multiple secondary cutaneous lesions that were never observed in control B6 mice, which instead showed stabilized or slightly reduced lesion sizes from wpi 10 onward. While all control mice survived L. mexicana infection, all IL-12p40 Ϫ/Ϫ mice and three out of the five mice receiving the anti-IL-12p40 antibody died between wpi 22 and 25. As expected, the IL-12p40 Ϫ/Ϫ mice infected with L. major showed a dramatic increase in lesion sizes from wpi 6 (Fig. 3C) , and all mice developed ulcerative lesions leading to mutilations and died at wpi 15, while all WT animals survived.
The early control of L. mexicana infection in IL-12p40 ؊/؊ B6 mice is associated with Th2 cytokine release in the presence of IL-18. Some IL-12p40 Ϫ/Ϫ and WT animals infected with L. mexicana were killed on wpi 4 or 8 to collect footpad lesions for parasite quantification and spleen cells for cytokine analysis. As shown in Fig. 3B , footpad parasite burdens remained roughly similar in IL-12p40 Ϫ/Ϫ and WT mice at wpi 4 and 8 (n ϭ 2, P Ͼ 0.05). As shown in Table 2 , the analysis of culture supernatants of splenocytes, incubated for 48 h in the presence or absence of parasite lysate, confirmed the IL-12p40 depletion in gene-deleted mice. The IFN-␥ response to L. mexicana was also undetectable, whereas the secretion of IL-4 and IL-10 was higher than that in cells from WT mice similarly infected. Interestingly, despite the absence of IFN-␥, IL-18, an IFN-␥-amplifying factor (22) , was present at comparable levels in all samples from both groups of mice (Table 2) .
DISCUSSION
This study demonstrates that IL-12 is critical for long-term stabilization of L. mexicana lesions, but insufficient to totally cure the infection, in contrast with L. major infection. Interestingly, the early control of L. mexicana infection appears to be independent of IL-12. Indeed, L. mexicana-infected B6 mice depleted of IL-12 reversed their disease phenotype from a localized and stabilized lesion to an uncontrolled, disseminated, and lethal form of leishmaniasis, similar to that in susceptible BALB/c mice (1) . The activation of the IL-12-IFN-␥-NOS2 cascade, leading to the release of leishmanicidal NO, likely contributes to the control of this late phase of L. mexicana infection, as indicated by the increased frequencies of LN cells expressing these mediators at wpi 14 and 24. This is consistent with previous reports on the capacity of macrophages infected in vitro with L. mexicana to release NO (39) and with the NO production by cells from L. mexicana-infected mice (28) . Moreover, the abrogation of IFN-␥ production in L. mexicana-infected IL-12 p40 Ϫ/Ϫ mice, which bear exacerbated lesions, suggests a causal relationship between these mediators and lesion stabilization. The concomitant expression of CD40L suggests that CD40-CD40L interactions are necessary to trigger IL-12 production in mice infected with L. mexicana, as previously reported for the closely related parasite Leishmania amazonensis (33) . The present results obtained with L. mexicana agree with those previously reported for L. major, confirming that IL-12, IFN-␥, and NOS2 are elements essential to maintain long-term control of Leishmania replication (20, 27) .
However, besides these similarities in the events occurring during the late phases of both infection models, L. mexicana lesions never heal and parasites persist (2), in contrast with the complete cure that occurs in L. major infection. Different mechanisms could account for this late persistence of L. mexicana-containing lesions. First, the stimulation and maintenance of IL-12 production and/or the responsiveness to IL-12 might be different between these two parasite species. Indeed, lesions of L. major-infected resistant mice treated with anti-IL-12 antibodies resolve once the treatment is terminated (15) , unlike our observations with L. mexicana infection. The latter species, in addition to a reduced capacity to stimulate IL-12 production (30), might also downregulate the expression of the IL-12R ␤2 chain, as previously observed in infection of resistant mice with L. amazonensis (17) . Second, the Fas/FasLdependent cytotoxicity of IFN-␥-activated Th1 cells against infected macrophages might be less efficient against L. mexicana than against L. major (10, 16) . Third, although not yet IL-12p40 (4) , and class I-deficient mice display L. mexicana lesions similar to those of WT mice (25) . Moreover, immunohistochemical studies from our laboratory indicated that CD8 T cells are very scarce in L. mexicana cutaneous lesions (F. Aguilar Torrentera, unpublished results). A more likely mechanism could be the activation of cytotoxic NK cells, which might target L. mexicanainfected macrophages. Indeed, SCID mice, lacking mature T and B cells, but with normal NK cells, also display a latency period before lesion growth when infected with L. mexicana (31) . Activation of NK cells might be induced by the simultaneous presence of IL-10 and IL-18, since the combination of both cytokines has been shown to be a potent activator of NK proliferation and cytotoxic activity (7) . Cells from IL-12p40 Ϫ/Ϫ B6 mice released larger amounts of IL-10 upon stimulation with parasite lysate at wpi 4 and 8 in comparison to WT animals, and significant levels of IL-18 were detected in these culture supernatants. IL-18 is known to play a role in the early control of L. major infection (21, 24) . Whether such a mechanism also occurs in L. mexicana-infected WT B6 mice, in addition to or instead of the classical IL-12-IFN-␥ pathway, remains to be determined.
In conclusion, our results show that the early control of L. mexicana infection by B6 mice is independent of IL-12, whereas IL-12 and Th1 responses have a key role in the late control of L. mexicana infection, although it is insufficient to resolve lesions, as in L. major infection. Such results emphasize marked differences between both pathogens in driving the immune response of B6-resistant mice, as previously reported for susceptible BALB/c animals (1).
